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a b s t r a c t
The Arabian Gulf is a shallow sea naturally exposed to extreme conditions of temperature and
salinity due to its location, semi-enclosed nature, bathymetry and restricted circulation. Compared
to open marine systems, the added stress imposed by pollutants is likely to have additional adverse
consequences. Maintaining good marine environmental quality is crucial for several socio-economic
reasons, one of the most important being that the region relies heavily on seawater as a source
of freshwater through desalination. While regionally based marine monitoring programs employing
chemical endpoints have been widely deployed, few have evaluated the potential biological effects of
those contaminants detected. However, it is now widely recognized that an integrated approach using
both chemical measurements and appropriate biological endpoints in key sentinel species is essential
to the design and implementation of marine environmental programs. Here we present an exhaustive
review of the studies published so far in the Gulf on the biological effects of chemical contaminants
using different biological endpoints and suggest potential areas requiring additional research.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
The Arabian Gulf (also known as the Persian Gulf and hereafter
referred to as the Gulf) is located at the Southwestern corner of
Asia, an extension from the Gulf of Oman (Fig. 1) (Subba and
Al-Yamani, 1998; Pous et al., 2012). The Gulf is a shallow sea
naturally exposed to extreme conditions due to its location, semi-
enclosed nature, bathymetry and restricted circulation (Sheppard
et al., 2010; Sale et al., 2011; ROPME, 2013). Average summer sea
surface temperature can reach 33 ◦C and fluctuations between
winter and summer values can be as much as 20 ◦C (Bjerkeng
and Molvær, 2000; Sheppard et al., 2010). Freshwater mainly
enters the Gulf in the Northern most section, via the Shatt Al-
Arab, which is formed by the confluence of the Euphrates and
∗ Corresponding author.
E-mail address: brett.lyons@cefas.co.uk (B.P. Lyons).
the Tigris rivers. Due to upstream dam construction and water
extraction for agriculture the volume of freshwater flowing down
the Shatt Al-Arab has drastically reduced in recent years (Al-
Yamani et al., 2017). This coupled with high evaporation rates and
poor flushing via the Strait of Hormuz, results in mean salinities
exceeding 40 psu across many parts of the Gulf with shallow
embayment’s, such as the Gulf of Salwah, between Bahrain, Qatar
and Saudi Arabia reaching as high as 70 psu (Sheppard et al.,
2010; Al-Said et al., 2017; Al-Yamani et al., 2017). Yet despite
these harsh conditions the Gulf contains regionally important
sea grass habitats, coral reefs and mangroves (Sheppard et al.,
2010; Erftemeijer and Shuail, 2012; Burt et al., 2014), which
are home to species of global conservation significance, includ-
ing elasmobranchs, hawksbill turtles and dugongs (Moore et al.,
2013; Pilcher et al., 2014; Marshall et al., 2018). The Gulf is also of
societal and economic importance to countries bordering its wa-
ters, providing food and drinking water (via desalination) along
https://doi.org/10.1016/j.rsma.2019.100930
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with supporting tourism and recreational activities (Van Lavieren
et al., 2011; ROPME, 2013).
The oil exploration and exploitation processes that started in
the last century has driven industrial and economic development
across the region, leading to a rapid rise in urbanization along
its coastal margins (Sheppard et al., 2010; Van Lavieren et al.,
2011). The human population of Gulf countries has grown from
46.5 million to nearly 150 million since the early 1970s and is
estimated to reach 200 million by 2030 (ROPME, 2013; United
Nations, 2017). More than 85% of the expanded population, in
five of the Gulf countries, Bahrain, Kuwait, Oman, Qatar, United
Arab Emirates (UAE), live within close proximity to the coast
(Van Lavieren et al., 2011). While economically and socially valu-
able, this growth has come with an associated environmental
cost and the Gulf’s marine environment now faces many pres-
sures (Sheppard et al., 2010). These include eutrophication (De-
vlin et al., 2019), inputs of domestic sewage (Lyons et al., 2015b;
Saeed et al., 2015), discharges of industrial waste, including brine
from the vast network of desalination plants (Naser, 2013; Al-
Sarawi et al., 2015) and the resuspension of sediment and habitat
loss, due to the significant amounts of coastal construction that
has taken place in recent years (Sheppard et al., 2012; Sheppard,
2016). A number of studies have now described hot spots of con-
tamination, particularly by petroleum hydrocarbons and metals
in sediments and waters near industrial sites (de Mora et al.,
2004; Naser, 2014; Soliman et al., 2014; Al-Sarawi et al., 2015),
along with a small but growing body of evidence document-
ing the presence of so called ‘emerging contaminants’, including
those with endocrine disrupting (Smith et al., 2015; Saeed et al.,
2017; Al-Jandal et al., 2018) and antimicrobial activity (Al-Sarawi
et al., 2018; Le Quesne et al., 2018).
Compared to open marine systems, the added stress imposed
by pollutants is likely to have adverse consequences for the health
of the Gulf’s marine environment, as well as for food and drinking
water security. Indeed, maintaining good marine environmental
quality in the region is crucial for several socio-economic reasons,
one of the most important being that the region relies heavily on
seawater as a source of freshwater through desalination (Darwish
and Mohtar, 2013). Currently desalination capacity in the region
is drawing over 20 million m3 day−1, which is predicted to reach
80 million m3 day−1 by 2050 (Dawoud and Al Mulla, 2012;
Burt et al., 2014; Dougherty et al., 2019). By 2050, if current
predictions materialize, desalination in combination with climate
change, will elevate coastal water temperatures across more than
50% of the Gulf by at least 3 ◦C, with more than a third of the
total volume of coastal water (0–10 m) passing through desali-
nation plants each year (Burt et al., 2014; Dougherty et al., 2019).
Discharges associated with desalination pose multiple threats to
the receiving marine ecosystems with super saline water often
containing contaminants such as metals, corrosion inhibitors and
biocides introduced to prevent biofouling (Sheppard et al., 2010;
Dawoud and Al Mulla, 2012).
The main leading regional marine management program in
the Gulf is run under the auspices of the Regional Organization
for the Protection of the Marine Environment (ROPME). The core
program was started 40 years ago, and the results of more recent
studies have been published in a series in integrated reports (Al-
Majed et al., 2000; ROPME, 2003, 2013). The reports assessed
the state of the marine environment across the ROPME sea area
(RSA) using a combination of water, sediment and biota chem-
istry. While chemical directed marine monitoring programs, such
as those reported by ROPME, are widely deployed within the
Gulf they are usually restricted to a narrow range of contami-
nants mainly linked to the region’s oil and desalination industries
(de Mora et al., 2004; Naser, 2013; ROPME, 2013; Al-Sarawi et al.,
2015; Freije, 2015; Cunningham et al., 2019). The constraints of
chemical only directed monitoring programs are now acknowl-
edged (OSPAR, 2008; Viarengo et al., 2007; Wernersson et al.,
2015; Vethaak et al., 2017). This includes issues such as the
limited number of determinants that can be accurately quantified,
an understanding of potential additive or synergistic effects and
a lack of information on direct measurements of contaminant
related biological effects in exposed fauna and flora (Van der Oost
et al., 2003; Viarengo et al., 2007; Lyons et al., 2010). A biological
effect is generally defined as the response of an organism, a pop-
ulation, or a community to changes in its environment (Van der
Oost et al., 2003). It is now acknowledged that the assessment
of environmental health, and the design and implementation of
measures to improve environmental quality, are best undertaken
on the basis of an integrated approach using both analytical
chemistry and appropriate biological measurements (represent-
ing different levels of biological complexity, e.g. subcellular, tissue
and whole organism) in key sentinel species (OSPAR, 2008; Law
et al., 2010; Davies and Vethaak, 2012; Wernersson et al., 2015).
Due to the complexity of contaminants in the environment
and the variety of responses that they induce in exposed organ-
isms, it is important that multiple biological effects endpoints
are assessed in marine monitoring programs (Van der Oost et al.,
2003; Viarengo et al., 2007; Thain et al., 2008; Vethaak et al.,
2017; Lyons et al., 2017). The usefulness of any biological-effect
method will obviously depend on how well it is able to separate
anthropogenic stressors from the influence of other unrelated bi-
otic or abiotic factors. For example, it has been shown that hepatic
7-ethoxyresorufin-odeethylase (EROD) activity in fish, which is
used as a biomarker of exposure to a range of organic contam-
inants, can also be influenced by ambient water temperature or
stage of sexual development (Kammann et al., 2005), and may
have its response modified by co-occurring contaminants (Kirby
et al., 2007a). However, for most of the widely used methods
there is sufficient understanding to allow for appropriate sup-
porting data to be collected that allows an accurate assessment
of contaminant effect to take place (Davies and Vethaak, 2012).
When selecting biological effects-based endpoints to use in envi-
ronmental monitoring programs it is also important to consider
their sensitivity to contaminants, including the ability to distin-
guish a dose response and whether their detection is indicative
of recent or long-term exposure (Van der Oost et al., 2003). There
have been clear examples where biological effects techniques
have been used to identify contaminant related problems in the
marine environment and the subsequent success of management
interventions. The most notable of these in recent years has been
assessing the impact of the antifouling compound, tri-butyl tin
(TBT) contamination, on marine gastropod molluscs (Rodríguez
et al., 2009; Nicolaus and Barry, 2015; Schøyen et al., 2019)
and the use of vitellogenin biomarkers (vtg) and reproductive
organ histopathology to detect the impact of endocrine disrupting
chemicals in fish (Matthiessen et al., 2002, 2018).
Until now, there has only been a limited number of published
studies in the Gulf using biological effects tools and these have
focused on toxicology tests that measure growth or mortality,
with only a few studies employing other molecular, cellular and
tissue level endpoints. As such it is timely to review the current
status of contaminant related biological effects monitoring within
the region. Here we highlight the methodology and bioindicator
species used to date (Tables 1 and 2) and discuss areas requiring
further research to support the wider application of biological
effect tools in marine monitoring programs across the region.
2. Toxicological studies
There are now a series of well-established studies that docu-
ment chemical contamination of the Gulf’s marine environment,
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Fig. 1. Map of the Gulf and the surrounding states.
indicating that species inhabiting its waters are at risk from
these potentially toxic compounds (de Mora et al., 2010; Naser,
2013; Freije, 2015; Cunningham et al., 2019). One of the first
published toxicity studies in the Gulf was conducted by Jacob
et al. (1980) which utilized local species of mullet Liza macrolepis,
prawn Penaeus semisculcatus, gastropods Lunella coronatus, Mon-
odonia canalifera, Thais fusconigra, Planaxis sulcatus, sea urchin
Echinometra mathael and brine shrimp Artemia salina. Using these
species in a range of short and long-term toxicity bioassays the
median lethal concentrations (LC50), when exposed to metals (Cu,
Hg, Pb, Cd and Zn), chemical fertilizers, crude oil and fuel oil were
determined. The data revealed marked differences in response
between species, with the greatest sensitivity observed in tests
where Cu and Hg were administered (LC50, Table 2) (Jacob et al.,
1980). The direct risk posed by oil spills either in isolation or
in combination with the chemical dispersants, which are often
used post-spill to disperse oil based contamination, have been
subject to a number of laboratory-based studies in the region
(Jacob et al., 1980; LeGore et al., 1989; Bordbar et al., 2006;
Delshad et al., 2014; Karam et al., 2019). Findings demonstrate
an increase in toxicity when dispersants and oil are tested in
combination, compared to either dispersant or oil in isolation, in
a number of test species including rainbow trout (Oncorhynchus
mykiss) (Bordbar et al., 2006) and the commonly farmed shrimp
species Litopenaeus vannamei (Delshad et al., 2014) (Table 2).
Similar studies have also been conducted on the early life stages
of fish species common to Gulf waters. Using the mullet fry
(L. macrolepis) oil dispersants were tested under salinity and
temperature regimes common across the Gulf region (El Samra
et al., 1986). The 72 h LC50 determined by the authors were
far lower than those previously published for the dispersants
tested, which was attributed to a combination of the sensitiv-
ity of the species used and local test conditions (temperature
and salinity) employed. A range of dispersants, in isolation and
in combination, with Kuwaiti crude oil have been assessed for
toxicity using egg hatching and larval survival of commercially
important Orange-spotted Grouper Epinephelus coioides (Karam
et al., 2019). Test conditions again mirrored temperature (20–
28 ◦C) and salinity (40–42 psu) regimes encountered locally and
highlighted the increase in toxicological risk to marine species
if spilled oil is chemically dispersed. The toxic risk posed by the
water-accommodated fraction (WAF) of Kuwait crude oil has also
assessed in E. coicoides (Karam et al., 2014). Using both lethal and
sub-lethal effects (larval deformities) it was observed that WAFs
did not affect hatching success, but mortality and developmental
malformations occurred post hatching within the 96 h test win-
dow (96 h LC50 0.48 g oil/l seawater). Again, the authors used test
conditions that simulated commonly encountered environmental
conditions. While the generation of such data is useful in a post-
spill scenario it also provides some indication of the risk posed
by many of the chemical constituents of the WAF, with the
authors suggesting that local (Kuwait) seawater contamination by
petroleum based pollutants did not pose a serious toxicological
risk to marine life (Karam et al., 2014).
The impact of oil and dispersant exposure on corals has been
assessed in field-based studies along the Gulf coast of Saudi
Arabia (LeGore et al., 1989). Corals were exposed to both 24 h
and 120 h periods to Arabian light crude oil and Corexit 9527,
either individually or in combination, at concentrations designed
to mimic post-spill conditions. Subsequent growth rate observa-
tions were conducted at 3-month intervals for 1 year. Healthy
corals were shown to tolerate these relatively short exposure
periods with growth and colonization rates unaffected following
the exposure regimes employed (LeGore et al., 1989). Only minor
impacts were noted, with 5% of Acropora species exposed to
dispersed oil unable to survive subsequent temperature stress
brought on by the winter season. The impact of co-stressors,
such as seawater temperature, is an important consideration
especially in the Gulf where large differences (up to 20 ◦C) exist
between summer highs and winter lows (Sheppard et al., 2010).
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The ability of corals in the region to tolerate oil exposure has also
been demonstrated in studies that recorded minimal impacts on
growth (via coring experiments) following major oil spill events
in the region (Poulsen et al., 2006). Given the importance of corals
as key regional ecosystems in the Gulf (Vaughan and Burt, 2016)
such studies should continue to be a priority area for research.
To date, around half of the marine toxicology tests undertaken
in the Gulf have been conducted in Kuwait. These include a
series of studies which evaluated the commercially fished mullet
species Liza klunzingeri as a potential locally relevant bioindi-
cator species for chemical toxicity and bioaccumulation studies
(Bu-Olayan and Thomas, 2005a,b, 2008; Bu-Olayan et al., 2008).
Static renewal toxicity tests developed lowest observed effec-
tive concentration (LOEC) and LC50 data for a range of metals
in short term 72 h (Pb, Ni, V, Cu, Fe) (Bu-Olayan and Thomas,
2005a,b) and 96 h (Ni, Fe, Cd, As) (Bu-Olayan et al., 2008) stud-
ies. Further work using L. klunzingeri (Bu-Olayan and Thomas,
2008) and the Brine Shrimp, Artemia fransicana (Bu-Olayan and
Thomas, 2006) evaluated the toxicity of biocides (formaldehyde,
sodium hypochlorite and glutaraldehyde), which are commonly
discharged from desalination and water-cooled industries in the
region (Bu-Olayan and Thomas, 2006). Biocide specific 96 h LOEC
and LC50 data were generated using a range of different dilu-
tion seawater samples, collected from locations around Kuwait.
The LOEC and LC50 data produced differed depending on the
source of dilution water, highlighting that seawater from some
of the sites studied contained both biotic and abiotic factors that
may sensitize test species to the biocides tested (Bu-Olayan and
Thomas, 2006, 2008). The mudskipper, Periophthalmus waltoni
has also been evaluated as a bioindicator species in both acute
toxicity (96 h) and bioaccumulation (60 d) studies (Bu-Olayan
and Thomas, 2008). Again, selecting commonly tested metals (Zn,
Cu, Cd and Fe), LOEC and LC50 data were generated for P. waltoni
along with tissue specific Bioaccumulation Factors (BAFs). Field
collected phytoplankton have also been used to assess differences
in response to metal toxicity (Cu, Ni, Pb, Zn), along with the
inter-site variability in metal accumulation (Bu-Olayan et al.,
2001). Studies have also found site of collection to influence the
sensitivity of intertidal invertebrate species, blue crab Portunus
pleagicus and the cockle Tapes sulcarius to Hg when subject to
short-term laboratory based 96 h toxicity tests (Bu-Olayan and
Thomas, 2015). Other studies in the region have demonstrated
the suitability of locally isolated marine bacteria to be used as
a sentinel species to assess the risk posed by metal toxicity
(Chandy, 1999). Marine waters collected from coastal locations
around Kuwait have been screened for toxicity using the Pacific
Oyster Crassostrea gigas, 24 h embryo development test (Smith
et al., 2015). Results indicated clear impact on embryo develop-
ment in samples collected from effluent outfalls or coastal sites
close to known point sources of pollution. Interestingly, some of
the sites where these results were reported, would have passed
routine water quality assessments if the assessments had relied
only on chemical led monitoring programs, measuring metals and
petroleum-based contaminants alone (Nicolaus et al., 2017).
Sediments are a known sink for chemical contaminants and
the risk they pose to biota (either through direct contact or
ingestion) is an important consideration when assessing the fate
and effect of contaminants in the marine environment (de Mora
et al., 2010; Hutchinson et al., 2013). Following the mass oil
spills resulting from the aftermath of the 1991 Gulf War sediment
samples were assessed for toxicity using the marine amphipod
Rhepoxynius abronius (Randolph et al., 1998). Sites with sedi-
ments causing the greatest toxicity (reduced survival rates over
10 days) were observed to also contain the highest concentra-
tions of petroleum hydrocarbons, with samples >1 mg g−1 dry
weight (total petroleum hydrocarbons), shown to induce sig-
nificant amphipod mortality. Seawater containing resuspended
sediment collected from locations close to industrialized facilities
in Kuwait have also been shown to reduce the survival of tilapia
(Oreochromis spilurus, Gunther) fingerlings in 96 h bioassay tests
(Beg et al., 2001). The microtox solid phase toxicity (SPT) assay
has also been used to screen sediments (Beg et al., 2001; Beg
and Al-Ghadban, 2003) and sediment pore water (Beg et al.,
2001). Results using the microtox SPT assay linked toxicity, to
range of chemical pollutants detected in the sediment, suggesting
that the degree of response was a function of the collective
effects of the pollutants present in the sample (Beg et al., 2001;
Beg and Al-Ghadban, 2003). Sediment pore water contained a
lower concentration of chemical contaminants (reflecting the hy-
drophobicity of the sediment bound contaminants), and this was
reflected in lower toxicity when screened with both the microtox
SPT assay and brine shrimp larvae, A. salina bioassay (Beg et al.,
2001). The use and development of standard protocols specific
for species indigenous to the region is an important development,
particularly as many of the standard test species (e.g. those used
routinely in Europe or North America) will not be adapted to
the high salinity and temperature found in the Gulf (Sheppard
et al., 2010). While some of the studies listed above address this
requirement there is still the need to increase the number of
species across different taxa for which data is available, along
with developing toxicity tests with reproductive or developmen-
tal endpoints to allow more accurate assessments of chemical
risk to be undertaken. In addition, a co-stressor that to date has
often been over-looked in region is the potential of UV light to
enhance to toxicity oil-based contaminants (Wernersson, 2003).
Data is available demonstrating that in laboratory studies WAFs
generated from mechanically and chemically dispersed Kuwaiti
crude have their toxicities significantly increased in the presence
of environmental levels of UV light (Kirby et al., 2007b), and this
is an area warranting further study under conditions simulating
those commonly encountered in the Gulf’s surface waters.
3. Cellular, biochemical and histological biomarkers
Along with the assessment of mortality, growth and devel-
opment it is also important to consider sub-lethal biochemical
and cellular markers, as valid endpoints when assessing the risk
chemical contaminants pose to marine ecosystems (Van der Oost
et al., 2003). To date, there are relatively few studies that have as-
sessed their use and application to the Gulf’s marine environment
(Table 1). Common contaminants in the region, such as metals
and hydrocarbons are known to pose a potential genotoxic risk
even at low doses, with possibility of the transmission of those
impacts to future generations (e.g. Bouilly et al., 2003; Barranger
et al., 2015). Therefore, it is important to understand the risk
such contaminants pose to marine organisms in monitoring pro-
grams, where biological effects-based tools are being employed
(Hutchinson et al., 2013; Wernersson et al., 2015). Studies have
used widely adopted in-vitro mutagenicity bioassays to screen
extracts of sediments which had been previously contaminated
by an oil spill (Sato et al., 1998). Employing the Ames tests two
strains of Salmonella typhimurium (TA100 and TA98) were used to
screen oil contaminated factions, which had been extracted from
field collected sediment samples. Results indicate that extracts
had a low mutagenic potential, despite in some cases of having
significant PAH contamination (Sato et al., 1998).
Studies determining the impact of exposure to organotins
(widely used as plastic stabilizers, pesticides and antifouling
agents in marine paints) have also been undertaken using in-vitro
liver homogenates of the common Gulf species Acanthopagrus
latus and the rabbit fish Siganus canaliculatus (Al-Ghais et al.,
2000). Data indicated that there was a clear enhanced ability of S.
canaliculatus to detoxify xenobiotics by hepatic microsomal and
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Table 1
Summary of the available data on the biological responses to variant contaminants in the Gulf.
No. Biomarker Origin Biological model Stressor Method of analysis Reference
1 Toxicological studies
(Toxicity test)
Iran Local rainbow trout O.
mykiss
Oil dispersants (Pars1 and
Gamlen OD4000)
Acute toxicity test for
96 h
Bordbar et al.
(2006)
2 Toxicological studies
(Toxicity test)
Iran Local farmed penaeid
shrimp L. Vannamei
Oil dispersants (IND Iranian
Naftroob crude oil, RD
Radiagreen OSD) and crude
oil
Acute toxicity test for
48 h
Delshad et al.
(2014)
3 Toxicological studies
(Toxicity test)
Kuwait Local mullet L.
macrolepis, prawn P.
semisculcatus, gastropods
L. coronatus, M.
canalifera, T. fusconigra,
and P. sulcatus, sea
urchin E. mathael and
shrimp A. salina
Metals (copper, mercury,
lead, cadmium, zinc)
Acute (96 h) and
chronic (60 days)
toxicity tests
Jacob et al. (1980)
4 Toxicological studies
(Toxicity test)
Kuwait Bacteria, purchased brine
shrimp eggs A. salina
and local fish O. spilurus
Total organic carbon,
volatile organic matter, total
petroleum hydrocarbons,
polycyclic aromatic
hydrocarbons, cadmium,
chromium, copper, lead,
nickel, vanadium, and zinc
Bacteria’s EC;
Microtox Analyzer
Model 500
shrimp larvae: acute
toxicity test for 24 h
fish assay: acute
toxicity test for 96 h
Beg et al. (2001)
5 Toxicological studies
(Toxicity test)
Kuwait Phytoplanktons (Diatoms
and dinoflagellas)
Metals (copper, lead, nickel,
zinc)
Atomic Absorption
Spectrophotometer
(AAS-Perkin Elmer
5100) and oxygen
evolution assessment
Bu-Olayan et al.
(2001)
6 Toxicological studies
(Toxicity test)
Kuwait Local mudskipper P.
waltoni
Metals (cadmium, iron,
copper, zinc)
Acute toxicity test for
96 h and ICP-MS
analysis
Bu-Olayan and
Thomas (2008)
7 Toxicological studies
(Toxicity test)
Kuwait Local mullet L.
Klunzingeri
Metals (nickel, iron,
cadmium, arsenic)
Acute toxicity test for
96 h and Analytical
Hydra Jena (HS-55)
Bu-Olayan et al.
(2008)
8 Toxicological studies
(Toxicity test)
Kuwait Blue crab P. pelagicus
and mollusc T. sulcarius
Total mercury Acute toxicity test for
96 h
Bu-Olayan and
Thomas (2015)
9 Toxicological studies
(Toxicity test)
Kuwait Eggs and larvae of local
Hamoor E. coicoides
Water accommodated
fraction of Kuwait crude oil
(monocyclic aromatic
hydrocarbons, total
petroleum hydrocarbons,
polycyclic aromatic
hydrocarbons)
Acute toxicity test for
24 h, 48 h, 72 h, 96
h and FT-IR, GC–MS
analysis
Karam et al.
(2014)
10 Toxicological
techniques (Toxicity
test)
Kuwait Eggs and larvae of local
Hamoor E. coicoides
Water accommodated
fraction of Kuwait crude oil
and oil dispersants
(Corexit R⃝ EC 9500A,
Corexit R⃝ EC 9527A and
Slickgone R⃝ NS)
Acute toxicity test for
24 h, 48 h, 72 h, 96
h and RF-5301 PC
SHIMADZU R⃝ spec-
trofluorophotometer
Karam et al.
(2019)
11 Toxicological studies
(Toxicity test)
Kuwait & Saudi
Arabia
Amphipod R. abronius Petroleum hydrocarbons Acute toxicity test for
96 h and Infrared
spectrometry
Randolph et al.
(1998)
12 Toxicological studies
(Toxicity test)
Saudi Arabia Corlas; Acropora sp.,
Platygyra sp., Goniopora
sp., and Porites sp.
Arabian light crude oil and
oil dispersant (Corexit 9527)
Scanning electron
microscopy after 24 h
and 120 h of
exposure for
bleaching and growth
evaluation
LeGore et al.
(1989)
13 Toxicological studies
(Toxicity test)
Saudi Arabia Chromogenic and
non-chromogenic
bacteria Flavobacterium &
Pseudomonas groups
Metals (arsenic, cadmium,
chromium, cobalt, copper,
iron, lead, manganese,
mercury, molybdenum,
nickel, silver, strontium, tin,
vanadium, zinc)
Acute toxicity test for
96 h using direct agar
diffusion assay
Chandy (1998)
14 Toxicological studies
(Growth rate)
Saudi Arabia Corals; P. lutea Hydrocarbons GC–MS Poulsen et al.
(2006)
15 Toxicological studies
(Toxicity test)
Qatar Local mullet fry L.
macrolepis
Oil dispersants (Shell LTX,
Shell concentrate, Servo CD
2000 and Exxon OSD 9217)
Acute toxicity test for
72 h
El Samra et al.
(1986)
(continued on next page)
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Table 1 (continued).
No. Biomarker Origin Biological model Stressor Method of analysis Reference
16 Cellular, biochemical
and histological
biomarkers
(Genotoxicity)
Iran Local rock oyster S.
cucullata
Oil contaminants Nuclear abnormalities
assessment
(micronuclei, binuclei
and RAPD)
Farhadi et al.
(2011)
17 Cellular, biochemical
and histological
biomarkers
(Mutagenicity)
Kuwait Bacteria S. typhimurium
(TA100 and TA98)
Petroleum hydrocarbons Ames test Sato et al. (1998)
18 Cellular, biochemical
and histological
biomarkers (Cellular
stress, protein
expression)
Kuwait Local seabream fish A.
latus and tonguesole L.
althour
Heat shock and general
chemical stress
Heat shock protein
HSP70 and SDS-PAGE
Beg et al. (2010)
19 Cellular, biochemical
and histological
biomarkers
(Histopathology)
Kuwait Local oriental sole S.
orientalis, the large
–toothed flounder P.
arsius, Jinga prawn M.
affinis and the grooved
tiger prawn P.
semisulcatus
Chemical stress and
pathogens
Histology assessment Stentiford et al.
(2014)
20 Cellular, biochemical
and histological
biomarkers
(Histopathology)
Kuwait Local giant catfishfish A.
thalassinus and fourlined
terapon P. quadrilineatus
Metals (chromium, nickel,
copper, zinc, arsenic,
cadmium, lead, selenium,
manganese, iron and
mercury), organohalogens,
and polycyclic aromatic
hydrocarbons
Histology assessment
and ICP-MS
Al-Zaidan et al.
(2015)
21 Cellular, biochemical
and histological
biomarkers
(Metallothionein and
oxidative stress)
Kuwait Local seabream fish A.
latus and tonguesole C.
arel
Metals (arsenic, chromium,
copper, nickel, lead,
vanadium, zine)
Hepatosomatic index,
condition factor,
ICP-OES, and DPV
Beg et al.
(2015a,b)
22 Cellular, biochemical
and histological
biomarkers (EROD
activity)
Kuwait Local seabream fish A.
latus and tonguesole C.
arel
Fluorescent aromatic
compounds
Shimadzu RF-5301PC
spectrofluoropho-
tometer and enzyme
assay
Beg et al.
(2015a,b)
23 Cellular, biochemical
and histological
biomarkers (Endocrine
activities)
Kuwait Pacific Oyster’s embryo
C. gigas purchased from
Guernsey Sea Farms
Estrogen, androgen and
organic compounds
generally
Yeast screening, 48 h
oyster embryo
development test and
GC–MS
Smith et al. (2015)
24 Cellular, biochemical
and histological
biomarkers (Endocrine
activities)
Kuwait Local seabream fish A.
latus
Endocrine disturbing
compounds (phthalates,
alkylphenols and estrogens)
Hepatosomatic index,
immunohistochem-
istry, histology
assessment, ELISA
Al-Jandal et al.
(2018)
25 Cellular, biochemical
and histological
biomarkers (EROD
activity)
Kuwait Local seabream fish A.
latus
Polycyclic aromatic
hydrocarbons
Condition index,
hepatosomatic index,
enzyme assay and
GC–MS
Beg et al. (2018)
26 Cellular, biochemical
and histological
biomarkers
(Genotoxicity)
Qatar Local pearl oyster P. i.
radiata
Metals and hydrocarbons ICP-OES, GC-FID,
GC–MS and
aneuploidy
assessment
Leitão et al. (2017)
27 Cellular, biochemical
and histological
biomarkers
(Xenobiotic
metabolizing enzymes)
UAE Rabbitfish S. canaliculatus
and Arabian seabream S.
sarba
Organotin compounds,
tributyltin (TBT),
triphenyltin (TPT) and
dibutyltin (DBT)
Glutathione
S-transferases (GST)
activity in liver and
kidney using
spectrophotometer
Al-Ghais and Ali
(1999)
28 Cellular, biochemical
and histological
biomarkers
(Xenobiotic
metabolizing enzymes)
UAE Rabbitfish S. canaliculatus
and seabream fish A.
latus
Organotin compounds,
tributyltin (TBT),
triphenyltin (TPT) and
dibutyltin (DBT)
Enzymes assay Al-Ghais et al.
(2000)
29 Cellular, biochemical
and histological
biomarkers (Oxidative
injuries)
UAE Farmed freshwater
Mozambican fish T.
mossambica
Acetylcholinesterase and
glutathione in sewage water
Ellman’s reagent and
hepatosomatic index
Al-Ghais (2013)
cytosolic carboxylesterases. However, the detoxification response
of both species was inhibited by the presence of organotins,
which supports the accepted theory that co-exposure to such
compounds may lead to an enhancement of the toxicity of other
common environmental contaminants (Al-Ghais et al., 2000).
Similar findings were reported earlier by Al-Ghais and Ali (1999),
who reported that S. canaliculatus was a more sensitive indicator
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Table 2
Reported values of LC50 (lethal concentration at which half of the population
are killed) from acute toxicity tests in the Gulf.
Species LC50 values Reference
P. waltoni LC50 for 96 h
cadmium = 3.25 µg/L
iron = 6.48 µg/L
copper = 7.56 µg/L
zinc = 12.21 µg/L
Bu-Olayan and
Thomas (2008)
L. klunzingeri LC50 for 96 h
nickel = 3.62 & 3.21 µg/L
iron = 5.75 & 5.58 µg/L
cadmium = 9.90 & 9.80 µg/L
arsenic = 13.22 & 12.13 µg/L
*Kuwait bay & Kuwait coastal
waters respectively
Bu-Olayan
et al. (2008)
E. coicoides LC50 for 96 h
Water accommodated fraction
(WAF) of Kuwaiti crude oil =
0.48 g/oil/1 seawater
Karam et al.
(2014)
P. semisculcatus
P. semisculcatus
(Juveniles)
L. macrolepis
L. coronatus
M. canalifera
T. fusconigra
P. sulcatus
A. salina
E. mathaei
LC50 for 96 h
Cu > 1.1 mg/l, Hg = 0.1 mg/l
Cu = 9.8 mg/l, Hg < 0.03 mg/l
Cu = 1.4 mg/l, Hg = 0.4 mg/l
Cu = 0.2 mg/l, Hg = 0.05 mg/l
Cu = 0.1 mg/l, Hg = 0.05 mg/l
Cu = 0.2 mg/l, Hg = 0.2 mg/l
Cu = 0.1 mg/l, Hg = NA
Cu < 0.6 mg/l, Hg < 0.03 mg/l
Cu < 0.6 mg/l, Hg > 0.03 mg/l
Jacob et al.
(1980)
O. mykiss LC50 for 96 h
dispersant Pars1 = 47.76 mg/l
dispersant OD4000 = 55.25
mg/l
oil+Pars1 = 491.42 mg/l
oil+OD4000 = 722.21 mg/l
Bordbar et al.
(2006)
L. vannamei LC50 for 48 h
dispersant IND = 17.21 mg/l
dispersant RD = 43.52 mg/l
oil = 1714 mg/l
oil + IND = 631.456 mg/l
oil + RD = 357.089 mg/l
Delshad et al.
(2014)
E. coicoides
Embryonated
eggs, Larvae
hatched during
exposure,
Larvae
LC50 for 48 h for eggs and 96
h for larvae
WAF of Kuwaiti crude oil ≥1,
0.46, 0.93 g/oil/1 seawater
WAF of Corexit R⃝ EC 9500A =
0.53, 0.21, 0.015 g/oil/1
seawater
WAF of Corexit R⃝ EC 9527A =
0.17, 0.08, 0.01 g/oil/1
seawater
WAF of Slickgone R⃝ NS = 2.34,
1.18, 0.045 g/oil/1 seawater
Karam et al.
(2019)
L. macrolepis LC50 for 72 h
dispersant Exxon OSD 9217 =
27 mg/l
dispersant Servo CD 2000 =
44 mg/l
dispersant Shell concentrate =
55 mg/l
dispersant Shell LTX = 244
mg/l
El Samra et al.
(1986)
A. salina LC50 for 24 h in contaminated
sediment
TPH and metals (Cd, Cr, Cu, Ni,
Pb, V, Zn) = 106 g/l
Beg et al.
(2001)
O. spilurus LC50 for 96 h in contaminated
sediment
TPH and metals (Cd, Cr, Cu, Ni,
Pb, V, Zn) = 332 g/l
P. pelagicus and
T. sulcarius
LC50 for 96 h
Hg = 1.25 to 2.13 ng/l
Bu-Olayan and
Thomas (2015)
species for detecting the presence of organotins when compared
to Sparus sarba.
The threat posed by chemical contaminants with endocrine
disrupting potential is an area of growing concern in the Gulf
(Smith et al., 2015; Saeed et al., 2017; Al-Jandal et al., 2018). En-
docrine distrusting compounds (EDCs) can find their way into the
Gulf’s marine environment through both industrial and domestic
effluents and pose a risk to exposed biota through the disruption
of the normal functioning of hormonal systems, leading to behav-
ioral disorders and reproductive cycle disturbances (Matthiessen
et al., 2018). Studies of effluent discharges and coastal waters
have identified the presence of phthalates, bisphenol-A, alkylphe-
nols and estrogens in seawater and sediment samples collected
from the coastline of Kuwait (Smith et al., 2015; Saeed et al.,
2017). A widely used molecular quantitative approach to investi-
gate EDCs is the yeast estrogen screen (YES) and yeast androgen
screen (YAS) (Fang et al., 2000; Balsiger et al., 2010). The geneti-
cally modified recombinant yeast was introduced by Routledge
and Sumpter (1996) by integrating a human estrogen receptor
(hER) into the yeast genome. Regionally, Smith et al. (2015)
employed the method to screen for the presence of EDCs in
seawater collected from along the Kuwaiti coastline. While the
level of response was considered low, the data demonstrated that
contaminants with EDC like properties were detectable in both
waste-water discharges and the receiving coastal waters.
The detection of petroleum-based contaminants in the bile of
fish along with the induction of enzyme systems linked to their
metabolism (e.g. CYP1A) have been used routinely as part of the
monitoring tools to assess the exposure biota to hydrocarbon-
based contaminants in marine monitoring programs (OSPAR,
2008; Viarengo et al., 2007; Wernersson et al., 2015; Vethaak
et al., 2017). Studies in the Gulf have assessed the suitability of
local species to be used in conjunction with bile metabolites (Beg
et al., 2002; Al-Zaidan et al., 2015; Beg et al., 2015b, 2018) and
the induction of EROD in fish liver (Beg et al., 2015b, 2018) as
a biomarker of CYP1A activity and exposure to chemical con-
taminants known to induce such systems. Data for the region
demonstrate that differences in species response and seasonal-
ity can be observed (Beg et al., 2015a,b, 2018). The degree of
biomarker response tended to be relatively low compared to
studies conducted elsewhere, which reflected the general degree
of contamination by known inducers of these markers (Gevao
et al., 2012; Lyons et al., 2015a; Nicolaus et al., 2017) and the
limited regional baseline information available against which to
compare species specific responses (Al-Zaidan et al., 2015; Beg
et al., 2018).
The assessment of heat shock proteins (HSP) as a marker of
cellular stress response has been used widely in aquatic studies
as a biomarker of both biotic and abiotic stressors (Van der
Oost et al., 2003; Roberts et al., 2010) Their suitability for use
in seabream A. latus and demersal tonguesole Lesan althour, has
been assessed in studies conducted in Kuwait (Beg et al., 2010).
Seasonally linked expression of HSP70 was determined in liver,
gill and muscle tissues. While data indicated expression-levels
were linked to water temperature the authors also noted the
potential of co-occurring pollutants (e.g. PAHs) to also influence
expression (Beg et al., 2010).
Biological effect endpoints linked to metal exposure have also
been the subject of a number of studies, given the potential for
biota in the Gulf to be exposed to such contaminants (Naser,
2013; Cunningham et al., 2019). Bioaccumulation of metals in
tissue can lead to cellular stress, such as oxidative injuries, and in
response organisms can regulate levels of metallothionein (MT),
low molecular weight proteins known to bind to free metal ions
(see Wang et al., 2014 for review). In the Gulf, baseline studies
have been undertaken using the sentinel species A. latus and C.
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arel collected from the field to investigate MT protein expression
along with the induction of antioxidant enzymes in gill and liver
to be used as biomarkers of metal exposure (Beg et al., 2015a).
Similar to the data reported for HSP70, EROD activity and bile
metabolites (Beg et al., 2010; Al-Zaidan et al., 2015; Beg et al.,
2015a,b, 2018) there were differences observed between the two
species and tissues studied, which is likely to reflect a combina-
tion of differences in exposure pathways and sensitivity to metal
contamination.
In UAE, the biomarkers Acetylcholinesterase (AChE) reduced
glutathione (GSH) and hepatosomatic index (HSI) were used to
screen for oxidative (GSH) and neurotoxicity (AChE) injury and
hepatomegaly (HSI) in the freshwater fish Tilapia mossambica
exposed to sewage effluent wastewater. The fish were cultured
in either, clean fresh water, sewage effluent or sewage effluent
followed immediately by 6 weeks of depuration in clean water
(Al-Ghais, 2013). Measured response for all 3 markers was im-
pacted by exposure to the sewage effluent, however fish exposed
to the effluent and then depurated in clean water demonstrated a
considerable degree of recovery, indicating the effects wastewa-
ter effluent can be mitigated by the use of depuration to detoxify
exposed fish.
In the Gulf, bivalve molluscs have been employed as biolog-
ical models due to their sessile nature, ability to bioaccumu-
late contaminants and wide-spread distribution across the region
(de Mora et al., 2004, 2010). The rock oyster, Saccostrea cucullata
has been used to assess the genotoxic risk posed by chemical
contaminants at oil contaminated ports in Iran (Farhadi et al.,
2011). The frequency of micronuclei (MN) and binucleated (BN)
cells, along with the application of RAPD (Random Amplifying
Polymorphism of DNA) assay in gill tissue of S. cucullata was
undertaken in field collected samples to assess the genotoxic risk
posed by environmental pollutants. Data indicated the suitability
of the assays employed for determining site differences in geno-
toxic contaminant exposure and provides useful baseline data
for the region (Farhadi et al., 2011). The pearl oyster, Pinctada
imbricata radiata has also been used in chemical led monitoring
programs across the Gulf (de Mora et al., 2004, 2010) and studies
have demonstrated their suitability as a sentinel species when
assessing genotoxic endpoints of chemical exposure (Leitão et al.,
2017). Using cytogenetic markers the rate of aneuploidy (abnor-
mal diploid chromosomal number) in gill tissue were shown to
be higher in samples of P.i. radiata sampled from within Qatari
ports when compared to oysters collected from sites with less
anthropogenic activity. High concentrations of mercury and PAHs
positively correlated with the recorded higher levels of aneu-
ploidy at the sites studied (Leitão et al., 2017). Genomic resources
are now starting to be made publicly for some of the key sentinel
species used in the Gulf, including P.i. radiata (NCBI, 2019). The
application of next generation sequencing technologies offers
the potential to greatly increase in the availability of genomic
information, facilitating the application of transcriptomic studies
to investigate contaminate related effects in Gulf species.
Fish and shellfish diseases and pathologies, with a broad range
of aetiologies, have increasingly been used as indicators of en-
vironmental stress since they provide a definite biological end-
point of historical exposure (Hinton et al., 1992; Stentiford et al.,
2004). Histopathological field surveys have been undertaken in
Kuwaiti waters using species commonly found in the Northern
Gulf, including oriental sole Synaptura orientalis; large-toothed
flounder Pseudorhombus arsius; Jinga prawn Metapenaeus affi-
nis and grooved tiger prawn Penaeus semisulcatus, to provide
a baseline of both infectious and contaminant related patholo-
gies (Stentiford et al., 2014). The authors reported a generally
low occurrence of many of the pathologies typically associated
with contaminant exposure (e.g. pre-cancerous and cancerous
lesions). However, several cases of intersex (ovotestis), which
have previously been used as an indicator of exposure to EDCs
(Matthiessen et al., 2018), were reported. Further work in Kuwaiti
waters expanded this approach to the catfish species A. thalass-
inus and the Fourlined terapon Pelates quadrilineatus (Al-Zaidan
et al., 2015). Similar to the findings of Stentiford et al. (2014), the
histological assessment conducted by Al-Zaidan and co-workers
reported a low prevalence and severity of lesions, indicating that
the fish examined were generally free of pathologies commonly
associated with contaminant exposure. It should be noted that
little information on the migratory behavior of these species is
currently published for the Gulf, therefore until such information
exists it will be difficult to link any observed pathology to known
sources of pollution. To address such issues caging studies have
often been employed to reduce the uncertainty caused by fish
movement prior to capture (Hylland et al., 2006). Immunohis-
tochemistry and histopathology, in conjunction with bioassays
for EDC exposure have also been applied to A. latus, in caging
studies at sites close to known point sources of pollution (Al-
Jandal et al., 2018). Following a relatively short term (2 week)
in-situ exposure, fish were brought to the laboratory and assessed
with a battery of biomarkers including tissue histopathology,
Vtg plasma induction and Vtg expression via the immunohis-
tochemical staining of liver sections (Al-Jandal et al., 2018). At
the caging locations three major classes of ECDs (phthalates,
alkylphenols, and estrogens) were also detectable in water and
sediment samples analyzed at the time fish were caged at the
study sites. Results of the biomarker and histological assessments
indicated that even after a relatively short 2-week exposure pe-
riod structural and biochemical alternations in hepatic tissue
were detectable (Al-Jandal et al., 2018). Field and laboratory
studies undertaken in Iran have also used A. latus as a bioindicator
species to demonstrate the suitability of gill pathology to assess
environmental pollution (Salamat et al., 2013; Hassanienezad
et al., 2014) The studies supporting the suitability of this species
to act as a bioindicator organism and described the key gill
pathologies observed following a 3-week exposure regime to a
concentration series of HgCl2 (Hassanienezad et al., 2014). Similar
pathologies were observed in field collected A. latus, with the
range and frequency of alterations linked to local environmental
conditions (Salamat et al., 2013).
4. Conclusions
Countries across the Gulf have been subjected to increasing
industrial/urban development, with the associated anthropogenic
pressure this can place on its coastal ecosystems (Sheppard et al.,
2010; Van Lavieren et al., 2011). Given the environmental ex-
tremes of the region many of the Gulf’s marine species are likely
to be already functioning close to their physiological limits (Shep-
pard et al., 2010). Therefore, it is clear to see why concern has
been raised as to the additional role chemical pollution may play
in further stressing the regions marine ecosystems (Naser, 2013;
Al-Sarawi et al., 2015). While limited to a relatively small number
of studies it is encouraging to see a growing body of research
linking toxicological endpoints to chemical contamination and
environmental stress in the Gulf. Studies to date have mainly
focused on validating individual test species for toxicological or
biological effects-based analysis and integrated studies, such as
those adopting multiple biomarkers across a number of species,
such as employed in other regions are lacking (Viarengo et al.,
2007; Lehtonen et al., 2014; Vethaak et al., 2017). To further
the development and application of biological effects tools for
determining the risk posed by chemical contaminants to the
Gulf’s marine ecosystems the following work areas should be
considered.
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• There is a requirement for a greater number of ecotoxicol-
ogy test species to have established protocols validated for the
harsh environmental conditions (e.g. salinity, temperature and
UV) present in the Gulf. This should include expanding the array
of species (from different taxa or those with different life traits,
including studies that have chronic or reproductive endpoints)
naturally resident in the Gulf. If species are to be used in field
studies then their lifestyle should be suitable (e.g. benthic feeder,
so in close contact with sediments) and migration movements
well described. Ideally, they would also occur across the region,
so to promote the development of Gulf wide monitoring and as-
sessment programs, employing one or more common bioindicator
species. Results of such studies should be published in the peer
review literature to expand the pool of validated species and test
protocols available to researchers.
• There is a paucity of genomic data and associated molecular
tools for marine species that reside in the Gulf, and a concerted
research effort is required to address this issue. Genomic methods
have the potential, if used appropriately, to scientifically enhance
(e.g. understanding the interaction between complex mixtures of
contaminants and environmental variables) the toolbox available
for monitoring the health status of marine systems (Van Aggelen
et al., 2010; Bourlat et al., 2013).
• To date subcellular, cellular and biochemical biomarker studies
in the region have been restricted to a small number of studies. It
is widely known that certain biomarkers are influenced by abiotic
factors, such as temperature and salinity (e.g. EROD). However,
rarely do studies examine their response under environmental
conditions as extreme as those encountered in the Gulf. Labora-
tory studies are required to validate their performance (e.g. using
chemicals that have previously been widely characterized) to
assess their suitability for use in this region. As for ecotoxicology
tests such studies should be published or made available to the
regional bodies (e.g. ROPME) to expand the suite of validated
biomarkers and protocols available to researchers.
• Once sufficient data is available for a select set of commonly
applied biological effects markers then effort should directed
at developing Background Assessment Criteria (BACs) and Envi-
ronmental Assessment Criteria (EACs) for these biomarkers as
undertaken and employed in other regional monitoring programs
such as OSPAR (Convention for the Protection of the Marine En-
vironment of the North-East Atlantic) and MEDPOL (Program for
the Assessment and Control of Marine Pollution in the Mediter-
ranean) (Lyons et al., 2010; Davies and Vethaak, 2012; Vethaak
et al., 2017).
• Unlike chemical analytical protocols, where interlaboratory
calibration ring trials are often routinely undertaken (e.g. as part
of formal accreditation procedures such as QUASIMEME), there
is often a lack of Quality Assurance (QA) or Quality Control (QC)
protocols in place for biological effects studies. Therefore, as this
field develops within region, researchers should look to develop
a database of QA/QC procedures or establish interlaboratory ring
trials to add to the validity of their data. Examples exist where
ring trials for biological effect tools have been successful im-
plemented to validate their use in routine monitoring programs
(Kammann et al., 2013; BEQUALM, 2018).
The application of the above recommendations would be a
significant step forward in our understanding on how pollutants
affect an already stressed marine ecosystems like the Gulf. More-
over, the Gulf has been pointed out lately as a ‘‘living laboratory’’
for climate change (Wolanski et al., 2019). Indeed, being an ex-
treme environment, it will be well suited to act as a relevant
case study to investigate the combined effect of anthropogenic
stressors and environmental changes on marine species.
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